Effect of External and Internal pH Changes on K and Cl Conductances in the Muscle Fiber Membrane of a Giant Barnacle by Hagiwara, S. et al.
Effect of External and Internal 
pH Changes on K  and C1 
Conductances  in the Muscle Fiber 
Membrane  of a Giant Barnacle 
S. HAGIWARA,  R. GRUENER,  H. HAYASHI,  H. SAKATA,  and 
A. D. GRINNELL 
From the Division of Marine Biology  and the Marine Neurobiology Facility of Brain Research 
Institute,  Scripps Institution  of Oceanography, University of California  at San Diego, La 
Jolla, California 92037, and the Department  of Zoology, University of  California  at  Los 
Angeles, Los Angeles, California 90024. Dr. Gruener's present address is Department of  Physi- 
ology, University of Arizona, Medical School, Tucson, Arizona 85721. 
ABSTRACT  The  membrane  potential  and  conductance  of the  giant  muscle 
fiber of a barnacle (Balanus nubilus Darwin) were analyzed in relation to changes 
in the external (3.5-10.0) and the internal (4.7-9.6) pH, under various experi- 
mental conditions. A sharp increase in membrane conductance, associated with 
a  large increase in conductance to CA ions, was observed when the external pH 
was lowered to values below 5.0.  The ratio of CA to K  conductance in normal 
barnacle  saline  is  between 1/~_1/~ at  pH  7.7,  whereas  at  pH 4.0  the  ratio  is 
about  6-9.  The  behavior  of the  membrane  in  response  to  pH  changes  in  a 
Cl-depleted  muscle  fiber  shows  that  the  K  conductance  decreases  with  de- 
creasing external pH for the whole range of pH examined. A  steep increase in 
CA conductance is  also observed when the internal pH of the fiber is lowered 
below 5.0. The K  to C1 conductance ratio increases with increasing internal pH 
in a manner very similar to that found when the external pH is raised above 5.0. 
These facts suggest that the membrane is amphoteric with positive and negative 
fixed charge groups having dissociation constants such that at pH greater than 
5, negative groups predominate and cations permeate more easily than anions, 
while  at  lower  pH  positive  groups  predominate,  facilitating  the  passage  of 
anions through the membrane. 
INTRODUCTION 
The resting potential of squid giant axon is determined mainly by the perme- 
ability of the  membrane  to cations,  namely K  ions.  In  contrast,  the  resting 
potential of frog skeletal muscle fiber is also  influenced by C1  ions,  since the 
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membrane is significantly permeable to C1 ions. From the relation between the 
membrane potential and the external concentrations of K  and C1 ions, Hodg- 
kin and Horowicz (1959) have shown that the resting frog muscle membrane is 
about twice as permeable to C1 as to K  ions. The C1 permeability of the rest- 
ing membrane of the crayfish muscle fiber is as high as that of the frog muscle 
fiber, whereas it is almost negligible in lobster muscle fibers (Grundfest, 1962). 
Recently Hagiwara and Takahashi  (1967)  have shown that C1 permeability 
is the major factor determining the resting potential  in  the  muscle fibers of 
certain marine elasmobranch fishes. In this preparation, the C1 permeability 
is  about seven times greater than the K  permeability.  Clearly, the range of 
resting C1 permeabilities found in different excitable tissues is considerable. 
It  has  been  shown,  particularly in  ion  exchange membrane  (Helfferich, 
1962),  that  the  ionic  permeability of the  membrane  is  governed  by  fixed 
charges within the membrane. When the membrane has positive fixed charges, 
the passage to anions is facilitated but that to cations is retarded. Therefore 
the variety of C1 permeabilities, relative to K  permeabilities, seen in different 
excitable membranes may reflect a  diversity of membrane fixed charges  in 
different tissues.  This  also  suggests  that  different C1  and  K  permeabilities 
would be found if the fixed charges of the membrane were changed.  Since 
some of the structural groups in biological membranes are weakly ionizable 
and can be dissociated or associated by changes in pH,  it is possible that the 
membrane fixed charges might be altered by changing the pH of the external 
or internal environment of the fiber. This would result in a  changed perme- 
ability to such ions. 
Hutter and Warner  (1967)  found that C1 permeability decreases with de- 
creasing external pH  (between  10  and  5)  in  frog skeletal  muscle fiber  In 
contrast,  C1 conductance increases with decreasing external pH  in  crayfish 
muscle  fibers  (Reuben,  Girardier,  and  Grundfest,  1962;  De  Mello  and 
Hutter, 1966). 
In the present work, the membrane permeabilities to K  and CI ions were 
analyzed as a  function of changes in the pH of the external and internal en- 
vironment of the giant muscle fibers  (1-2  mm  in  diameter)  of a  barnacle 
(Balanus nubilus). The results support the idea that the major factors governing 
the ionic selectivity of the membrane are the fixed charges of the membrane 
originating from amphoteric structural groups. 
MATERIALS  AND  METHODS 
Materials  Giant muscle fibers of a barnacle, Balanus nubilus Darwin, were used. 
The earliest part of this work was performed in Chile with specimens obtained at Vifia 
del Mar and the latter part with those obtained from the Pacific Ocean off California. 
No systematic differences were found in the results obtained with specimens from the 
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Preparation and Recording  A single muscle fiber was prepared as described previ- 
ously (Hagiwara and Naka,  1964)  and placed in a  Lucite chamber (Fig.  1 A). The 
chamber was made by cutting a channel (Gh), 5.5 cm long, 0.5 cm wide, and 0.5 cm 
deep, into a  Lucite plate.  One end of the channel was open at the edge of the plate 
and the other ended blindly in a reservoir (R). The fiber was placed on the bottom of 
the  channel.  The  tendinous  end  of the  fiber was placed  near the  blind  end  of the 
solution  outflow 
Ch 
"~  G  I  S  1111  vv/// ---~ 
"  IJ 
  olution 
A 
inflow 
=current  recording 
o  B 
potential.. 
o recoratng 
l 
Fiotm.~ I.  Schematic diagram of the experimental arrangement. 
chamber and the ligature to the tendon was extended out from the  channel  through  a 
fine groove (G) which was filled with vaseline to prevent saline from leaking out of 
the  channel.  The  cut end  of the  fiber was extended  to  the  edge  of a  thin  (3  mm) 
Lucite plate (P)  separated from the open end of the channel  by about 5  ram. The 
space between  the fiber and  the walls of the channel was filled with vaseline for a 
length of about 5  mm from the open end of the channel.  This prevented the saline 
from leaking out and also provided electrical insulation between the cut end and the 
rest of the fiber. Test solutions were introduced through a tubular orifice located near 
the vaseline insulation.  Excess solution was removed from the  reservoir by suction. 776  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  r968 
The volume of saline in the channel was about 1 ml and the velocity of saline flow was 
about I ml/sec, allowing the complete exchange of saline in the channel within a  few 
seconds. 
Glass micropipettes filled with 3 M KCI and of 5-10 megohms resistance were used 
for measuring resting potentials. The membrane potential was obtained as a potential 
difference between a pipette inside and one just outside the fiber. A  silver-silver chlo- 
ride electrode (S), immersed in the saline, served as the reference electrode.  In order 
to observe changes in the membrane potential and to measure membrane resistance 
during changes of test solutions, two internal longitudinal electrodes were used.  One 
was  a  length  of glass  tubing  of about 50  #  tip  diameter filled  with  2  M potassium 
citrate, instead  of KCI, to avoid possible diffusion of C1 from the  tubing.  The other 
was a  silver wire of 60/~ diameter attached  to the glass tubing with sticky wax. The 
insulation on this wire was removed over a length of 1.5 cm starting near the opening 
of the glass tubing and  this uninsulated  portion was platinized.  The platinized wire 
served  as a  current-passing electrode  and  changes  in  the  membrane potential were 
observed as  a  potential  difference  between  the  internal  glass  tube  electrode  and  a 
KCi-filled external micropipette, whose tip was placed just outside the fiber opposite 
the opening of the internal glass tubing.  With this arrangement the fiber membrane 
should be space-clamped in that part (length II, in Fig.  1 B) of the fiber corresponding 
to the uninsulated  portion of the wire electrode.  Since the opening of the glass elec- 
trode was located at the end of this stretch,  the potential recorded through the glass 
electrode might not necessarily have followed faithfully that of the membrane under 
the space clamp. In order to avoid this,  the tip of the electrode was always brought 
close to the tendinous end.  Since the fiber ends blindly on this side,  the space clamp 
condition would  then have been extended  to length  I  (Fig.  1 B).  Membrane resist- 
ances were estimated from the ratio between the intensity of the applied current and 
the potential change produced by it. The estimated areas of (lengths) I  and II of the 
membrane could be used for the calculations of the specific membrane resistance if the 
current which spread to stretch III of the membrane was neglected.  In most experi- 
ments however, a  specific value of the membrane resistance was not estimated since 
the  major concern  was  the  change  in  the  resistance  of the  same  membrane under 
different  experimental conditions.  In a  few experiments,  changes  in  membrane re- 
sistance were examined by using a  double wire electrode. The electrode consisted of 
two longitudinal  cemented silver wires.  One wire,  used for current  injection,  had  a 
diameter of 200/~  and was insulated  except for a  final length of 1.5  cm, which was 
platinized. The other wire, used for potential measurements, was 60 ~ in diameter and 
insulated  except for a  streteh of 2  mm centered  in the platinized  region of the first 
wire. This bare region of the fine wire was chlorided. The membrane current was re- 
corded  as an IR drop between the Ag-AgC1 electrode in the saline and ground,  by 
using a feedback circuit (Hagiwara, Takahashi, and Junge,  1968; see Fig.  1 A). The 
potential  change  and  the  current  intensity were recorded  with  a  Moseley dual  ink 
writer (model  7100  BM),  with a  response time of about  I00 msec. A  current pulse 
duration of 1 see was used in order to overcome this slow response time of the record- 
ing system. 
To observe the effect of changes in the internal pH of the fiber a  glass pipette of 
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tion was injected along the whole length of the fiber until the fiber diameter became 
1.5-2.0 times the original diameter. This technique was discussed previously in detail 
(Hagiwara and Naka,  1964). Potential changes due to the alteration of the external 
solution were observed by means of the injection pipette through chlorided silver wire 
located inside the pipette. To observe the membrane resistance, the double wire elec- 
trode described above was introduced after the withdrawal of the injection pipette. 
External  Solutions  Compositions  of the  external  saline  solutions  used  for  the 
study of the external pH effects are listed in Table I. In addition to the normal and 
KC1 salines a few modified solutions were used.  Calcium was eliminated from some 
TABLE  I 
COMPOSITIONS  OF  EXTERNAL  SOLUTIONS 
Saline  NaCI  Na2SO4  KC1  K~.SO~  each2  MgGh  MgSO4 
mM  mM  mM  mM  mM  mM  mM 
Normal  saline  461.5  --  8  --  20  12  -- 
KC1  saline  --  --  469.5  --  20  12  -- 
Na  saline  A  261.4  --  8  --  --  165.4 
Na  saline  B  --  230.7  --  4  --  --  165.4 
K2804  saline  --  --  --  278  --  --  I00 
Na  saline C;  Na  methanesulfonate,  461.5 n~;  K  methanesulfonate,  8  rnM; Ca  gluconate,  20 n~; 
Mg  methanesulfonate,  12 m~ : Buffer (10 mu)  was added  to each solution. 
TABLE  II 
BUFFER  SYSTEMS  USED 
pH range  Buffet 
3.5-4.0  Potassium  (sodium)  hydrogen  phthalate  and  HC1  (H~SO4) 
4.0-6,0  Potassium  (sodium)  hydrogen  phthalate  and  NaOH  (KOH) 
6.0-8,5  Tris  (hydroxymethyl)aminomethane-maleate  and  NaOH  (KOH) 
8.5-10.0  Glycine  and  NaOH  (KOH) 
solutions (Na salines A  and B, and K2SO4 saline) to avoid its precipitation. In these 
solutions,  the concentration of Mg  ++ was raised to prevent the deterioration of the 
fiber due to the absence of ionized Ca. In order to prevent significant changes in the 
pH of the  solutions,  appropriate buffers were added to a  final concentration of 10 
rn~. Table II shows the buffer system used for each pH range (Dawson et al.,  1959). 
Compositions of the external solutions used when the internal pH was changed are 
listed  in  Table  III.  In  those  experiments  Na  was  completely replaced  with  Tris 
(tris(hydroxymethyl)aminomethane).  Since Tris  does  not  dissociate  completely at 
pH 7.7, the concentration of Tris-OH was raised by an appropriate amount taking 
into consideration its dissociation constant. External solutions 1 to 4 are the standard, 
low-K,  low-C1,  and  high-K solutions  used when  the  external K  and  CI  reference 
concentrations were  120  mM  and  450  ir~,  respectively.  In  order to obtain desired 
concentrations of K +  and  CI- these solutions were mixed in  the  appropriate ratio. 778  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  x968 
Solutions  5-8  were  used  for  the  experiments  when  the  external  K  and  C1  reference 
concentrations  were  450  rn~  and  120  raM,  respectively. 
Internal Solutions  The  compositions  of the  internal  solutions are  listed  in Table 
IV.  The  nonbuffered  internal  solution  had  the  following  composition:  K3-citrate 
TABLE  III 
COMPOSITIONS  OF  EXTERNAL  SOLUTIONS 
Tris- 
Saline  CaCh  MgCh  KCI  KOH  TriJ-OH  HCI  maleate  HMSOs 
mM  mM  mM  mM  ram  mM  mM  mM 
Solution 1  20  12  120  --  375  266  10  -- 
Solution 2  20  12  100  --  402  286  10  -- 
Solution 3  20  12  120  --  385  --  10  375 
Solution 4  20  12  386  84  --  --  10  73 
Solution 5  20  12  56  394  --  --  10  378 
Solution 6  20  12  --  --  551  56  10  326 
Solution 7  20  12  --  450  --  --  10  439 
Solution 8  20  12  386  64  --  --  10  52 
Tris-OH, Trizma base; HMSO3, methanesulfonic acid. The final pH was adjusted to 7.7 by add- 
ing a  small amount of Tris-OH or HMSOs. 
TABLE  IV 
COMPOSITIONS  OF  INTERNAL  SOLUTIONS 
KH  Buffer 
Tri$-  phthal-  concentra- 
pH  KC1  KOI-I  maleate  HMSOs  Sucrole  Glycine  ate  HCI  TriJ-OH  tion 
mM  mM  mM  rnM  mM  mM  mM  mM  mM 
7.7  --  200  50  200  546  --  --  --  59  50 
120  330  --  165  --  330  --  --  --  330 
120  330  190  --  295  ....  190 
120  330  260  --  225  .....  260 
120  330  330  5  150  ....  330 
--  220  --  --  139  --  230  120  116  230 
120  147  --  --  302  --  183  --  --  183 
--  120  --  29  --  --  330  120  164  330 
A 
B  9.6 
9.0 
8.0 
7.0 
6.2 
5.5 
4.7 
Tris-OH, Trizma base; HMSOz, methanesulfonic acid. 
150  rr~,  sucrose 264  mM.  Solution  A  is  the  Cl-free  internal  solution  used  to  observe 
the effect of changes  in the external  pH  while the internal  pH  was buffered.  Solutions 
B  are  used for the  study  of the  changes  in the  internal  pH  effects  and  the  K  and  CI 
concentrations  are  450  and  120  mu,  respectively.  The  buffer  concentration  was  in- 
creased in order  to keep the internal  pH  at the desired level.  A  small amount  of chlor- 
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internal pH after injection. All experiments were performed at room temperature 
(21-2 oc). 
RESULTS 
1.  Membrane Potential and Resistance in Normal External Saline 
The inside negative resting potential of the barnacle muscle fiber, immersed 
in normal barnacle saline at pH 7.7, ranged between 65 and 73 mv when ob- 
served with conventional transmembrane glass micropipettes filled with 3 M 
KC1.  Changing the pH from 7.7,  either down to 5.0 or up to  10.0, did not 
result in any appreciable change in the resting potential. Lowering the pH 
below 5.0, however, caused a shift of the membrane potential in the negative 
direction;  i.e.,  the resting potential was  increased. This increase  started  at 
pH 4.7 and reached a saturation level as the pH approached 4.0. The resting 
potential at this pH was  -70  to  -73 my and was relatively independent of 
the original resting potential found at pH 7.7. Thus, a  marked change in the 
membrane potential, in the negative direction, was observed when the original 
potential was low, whereas almost no change was seen if the original mem- 
brane potential was already more negative than  -70 Inv. In order to observe 
the time course of membrane potential and resistance changes during changes 
in the external solutions, a  longitudinal electrode was used throughout most 
of the present investigation. A  drop of 5-10 mv in the resting potential  was 
often found after insertion of the longitudinal electrode. Histological studies 
have shown that a  number of invaginations are present in the surface mem- 
brane of the barnacle fiber (Hoyle and Smyth, 1963). The longitudinal intro- 
duction of a relatively large electrode may damage some of these infoldings, in 
turn creating a leakage which may reduce the resting membrane potential. In 
spite of relatively low resting potentials, found at pH 7.7 in these fibers, the 
reduction of pH below 5.0 tended to bring the membrane potential to 70-73 
my. Fig. 2 A and B show records obtained with a longitudinal electrode during 
changes in the pH of the bathing media.  In 
shifted to  -63 mv at pH 4.6 and  -71  at pH 
5.0 the potential was about  -55 my. Records 
this fiber the resting potential 
4.0, while at pH's higher than 
in Fig. 2 also show changes in 
membrane resistance during alterations of the external pH. Constant inward 
current pulses of 1 sec duration were applied to the membrane at 6 see inter- 
vals.  The intensity of the current was chosen so that the amplitude of the 
potential change was approximately 20 mv at pH 7.7.  Each pulse increased 
the negative membrane potential with an exponential time course as shown 
in the records of Fig. 2  C.  (In Fig. 2  C,  the downward deflection indicates 
negative going potential change, but in all other records in this paper,  the 
negative going potential change is indicated by an upward deflection.) At pH 
7.7  the specific membrane resistance estimated from the final amplitude of 
the potential change was about  1-3 K  f~ cm  ~. As already mentioned, a  num- 780  THE  JOURNAL  OF  OENERAL  PHYSIOLOGY  • VOLUME  52  • ~968 
ber  of infoldings  are  found  in  the  fiber membrane.  If these  are  taken  into 
consideration,  a  much  smaller  value  would  be  found  for the  specific  mem- 
brane resistance. In the present work, however, no such estimates were under- 
taken,  since only the relative value of the membrane resistance was of major 
concern.  The  resistance did not change appreciably  in  the  range of pH  be- 
tween 5.0 and  10.0. However, it showed a  marked decrease when the pH was 
reduced below 5.0. At pH 4.5 it decreased to about 50% of the value found at 
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Floum~ 2 A and B.  Changes in potential and resistance of the membrane during altera- 
tion of pH in normal barnacle saline. Inward current pulses of about 1 sec duration were 
applied to the membrane at a frequency of about 10/min. The intensity of the current 
was constant throughout. C. Potential changes in the membrane in normal saline at a 
faster time scale. The current intensity was the same for all three traces. The pH of the 
saline was 7.0, 4.4, and 3.9 from the top. All recordings were made with a longitudinal 
electrode.  The upward deflection of the trace in A and B represents  the negative going 
change of the internal potential and in C the positive going potential change. 
pH  7.0,  and  at  pH  4.0  the resistance decreased further to about  10% of its 
value at pH  7.0. The resistance,  relative to that found at pH  7.0,  was calcu- 
lated for various pH's and  plotted  against  pH in Fig.  3. All values approxi- 
mate  a  single  curve,  indicating  that  the  response  is  very  constant  among 
different fibers. 
The foregoing results show that the membrane resistance decreases sharply 
at low  pH  and  that  this decrease is associated  with  a  shift of the membrane 
potential  toward  -70  and  -73  my.  This phenomenon involves an  increase 
in  the  membrane  conductance  to  some  ion  species--either  K +  or  C1-.  In 
order to establish  the  identity of the  ion  species  involved  in  the  increase  of 
conductance,  the  relative  contributions  of K +  and  C1-  to  the  membrane S. HAGIWARA  ET AL.  pH Effects in Muscle Membrane  78I 
potential were examined  at pH 7.7 and 4.0. To avoid any possible reduction 
in the resting potential due to the insertion  of the longitudinal  electrode, the 
membrane  potential  was  observed  with  transmembrane  micropipettes. 
Muscle fibers were first equilibrated in the normal saline containing  8 mM K 
and  533.5 mM C1 and then, at either pH 7.7 or 4.0, the K  concentration  was 
altered from 8 n~  to 16 and 32 rnM by replacing an appropriate amount of the 
NaC1  in  the  saline  with  KC1.  The  CI  concentration  was  kept  constant  at 
533.5 m_M. Observed membrane potentials were plotted against log [K+]out in 
Fig.  4  A.  From  these  relationships  OV/O  (log  [K+]out)  was  estimated  at 
[K+]o,t  =  8 rnM and it was found to be 14  47 mv at pH 7.7, and about 5-7 mv 
at  pH 4.0.  Corresponding  relationships  for  C1  (Fig.  4  B)  were obtained  by 
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Fmum~ 3.  The relationship between membrane resistance (relative to that at pH 7.0) 
and the pH of the external normal barnacle saline. Four different symbols represent data 
obtained from four different fibers. 
reducing [C1-]out from 533.5 mM to 267 and  135 m_~, while the K  concentra- 
tion was kept at 8 mM throughout.  To obtain  solutions of various C1 concen- 
trations,  the normal  saline  and  Na saline  C  (methanesulfonate  saline)  were 
mixed  in  various  proportions.  OV/O (log  [C1-]o~t)  at  [C1-]out  =  533.5 mM 
was about  -7  mv at pH 7.7 and  -43  to  -47  mv at pH 4.0. A  similar result 
was  also  obtained  with  SO,  substitution  for  C1  (Na  saline  A  and  B).  The 
above results show that the relative contribution of C1 ions to the resting po- 
tential  increases  when  the pH  is altered  from 7.7  to 4.0.  Since this  is  asso- 
ciated  with  a  decrease  in  membrane  resistance,  the  evidence  indicates  an 
increasing  membrane  conductance  to  C1-  at  pH  4.0.  When  the  fiber  is 
equilibrated in a  solution containing the normal concentrations of K + (8 raM) 
and C1-  (533.5 raM),  the equilibrium potentials of the membrane for K + and 782  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5~2  •  i968 
CI-, calculated from the Nernst equation,  are very close to the resting poten- 
tial.  Previous measurements of the internal  K  and  C1  concentrations  of these 
fibers  (Hagiwara,  Chichibu,  and  Naka,  1964)  show  [K]in  =  157  m_u  and 
[C1]in  =  32  raM.  These  give  K +  and  C1-  equilibrium  potentials  of  about 
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FmURE 4 A.  Relations between the membrane potential and the external K concentra- 
tion at pH 7.7 and 4.0. B. Relations between the membrane potential and the external 
C1 concentration at pH 7.7 and 4.0. The C1 concentration was reduced by substituting 
methanesulfonate for C1. 
-- 75 and  -- 71 mv, respectively. If Na conductance is neglected, the following 
relation will be expected  (Hodgkin and Horowicz,  1959): 
OV/O(log  [K+]ou~)[~:+]o~  =8mM 
[C1-- ] out ~  533.5mM  gK 
-- OV/O(log[C1-]ou~)[K+]out  =8m  M  gc1 
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where gz  and gel  denote the  membrane conductances to  K +  and  C1-  at 
[K+]o,,  -- 8 rnM and [C1-]ou~  -- 533.5 mM, respectively. The above measure- 
ments indicate that g~:/gcl  changes roughly from 6-7 to M-}~ for a  change of 
pH from 7.7 to 4.0. Ifg~ is assumed to show no appreciable change (as will 
be shown later g~ actually decreases slightly at low pH but this is neglected in 
this discussion), then gc~ should increase by a factor of 36-63 when the pH is 
reduced from 7.7  to 4.0 and the total membrane resistance should decrease 
to about  M-~ of the value found at pH 7.7. The observed ratio between the 
membrane resistance at pH 4.0 and 7.7 was approximately 0.1, which is not 
very different from the above figure. The conclusion reached from the fore- 
going experiments is,  therefore, that  the C1 conductance shows a  drastic in- 
crease at pH below 5.0. 
2.  Aftereffects of Low pH Exposure and Polyvalent Cations 
When the pH of the bathing solutions of the fibers was brought back to higher 
values (for example 7.7)  after exposure of the fibers to low pH (3.9-4.7),  the 
membrane resistance, as a rule, became significantly higher than that origi- 
nally found at the higher pH's, and thereafter, declined slowly (in 2-3 rain) 
to the original value.  In spite of such a  rebound-like phenomenon, the re- 
covery was usually complete; i.e.,  the low pH effect was reversible for the pH 
values above 3.9.  When a  fiber was exposed to pH  below 3.5,  however, a 
rebound-like phenomenon was no longer seen upon returning to the neutral 
pH and the resistance stayed at relatively low values even after the pH was 
raised.  In many cases,  the recovery was not complete even after 5-10 rain. 
In the present experiments, therefore, most observations were limited to pH's 
above 3.9. 
The failure of the membrane resistance to increase after an early return of 
the fiber from extremely low (below 3.5) to normal pH could be prevented by 
introducing polyvalent cations into the bathing solution. This failure became 
significantly less when the external solution contained 100 rn~ Mg, and it was 
almost completely eliminated when  3  m~ LaCI~  was  added to  the saline. 
Thus,  some polyvalent cations protect  the  fiber membrane from the  after 
effect of immersion in very low pH.  The protection effect was different for 
various  polyvalent  cations.  When  compared  at  the  same  concentration, 
La  +++ was much more effective than Ca  ++ or Mg  ++. 
3.  Effects of External pH in K-Rich Media 
Fibers contracted vigorously when immersed in KCI saline  (pH  7.7).  This 
contraction decayed slowly and  an  almost complete relaxation was  found 
after 5-10 rain. After such treatment the resting potential of fibers was  --5 to 
-7  inv. The intensity of the current used for resistance measurements was 
adjusted so that the amplitude of the potential change was less than 10 my at 784  THE  JOURNAL OF  GENERAL PHYSIOLOGY  •  VOLUME 52  •  i968 
pH  7.7.  When  pulses of higher intensities were used,  inward and  outward 
current pulses of the same intensity usually gave potential changes of different 
amplitudes. Fig. 5 A  (filled circles) shows the relation between the membrane 
resistance-relative to the one found at pH 7.0--and pH, obtained in the KC1 
saline. The resistance decreased sharply when the pH was reduced below 5.0. 
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FIGURE 5 A.  Relations between the membrane resistance (relative to that at pH 7.0) 
(filled circles)  and membrane potential (open circles)  and the pH of the external KC1 
saline. B.  Relation between the membrane resistance (relative to that at pH 7.0)  and 
the external pH in K~SO4 saline.  The internal C1  has been  depleted in this fiber  by 
soaking in S04 saline for 24 hr. 
This behavior of the membrane was similar to that found in normal saline. 
However, a  slightly different behavior was found with the pH values higher 
than 5.0.  In normal saline the membrane resistance was practically constant 
for this range but  in  KC1  saline  it decreased with the increase in  pH.  The 
change was almost linear with pH and the value of the slope was about 6~v 
of the resistance at pH  7.0 for  1 pH unit change. The relationship between S.  HAOIWARA ET AL.  pH Effects in Muscle Membrane  785 
relative resistance and pH, in K-rich saline, also showed very little variation 
among different fibers. 
The membrane potential showed a characteristic dependence on pH in the 
KC1 saline. Between pH 10.0 and 5.0 the resting potential shifted in the nega- 
tive direction as the pH was reduced, but the change per pH unit was always 
small. The rate of change increased rapidly when the pH was reduced below 
5.0 and the membrane potential soon reached a saturation level at about pH 
3.9.  These results are illustrated by open circles in Fig.  5 A,  and were ob- 
tained from a fiber in which the membrane potential changed from -9 mv at 
pH 7 to  -47 mv at the saturation level (pH 3.9). Fibers were always exam- 
ined after less  than 30 rain immersion in KC1  saline  (pH  7.7)  and did not 
show large deviations from the above values. The negative shift of the mem- 
brane potential below pH  5.0  can be  explained in  terms of an  increase in 
membrane conductance to  C1  ions.  Since the  C1  concentration of the KCI 
saline is the same as that of the normal saline,  and the K  concentration is 
nearly 60 times greater than normal, the equilibrium potential for CI-, shortly 
after the  immersion of the fiber,  should be  far more negative than  the K 
equilibrium potential, which should,  in fact, be more positive than the ob- 
served resting potential at pH 7.7. Since the K  conductance dominates the C1 
conductance at higher pH's,  the membrane potential comes close to the K 
equilibrium potential. If immersion of the fibers in low pH solutions results in 
an increase in CI conductance, the membrane potential should shift towards 
the C1 equilibrium potential.  Prolonged immersion in KC1  saline  (pH  7.7), 
however, should result in a redistribution of C1 ions between the inside and the 
outside of the fiber and this should shift the C1 equilibrium potential in the 
positive direction toward the K  equilibrium potential.  In accord with this 
expectation, a  less negative membrane potential value was found when the 
low pH solution was applied after prolonged immersion of the fiber in KC1 
saline  (pH  7.7).  In a  representative experiment, one fiber was immersed in 
KC1 saline  (pH  7.7)  for 20 rain,  another for 3.5  hr, before changing to low 
pH  KC1  saline.  The membrane potential  at low pH  was  -48  mv for the 
former and  -  16 mv for the latter fiber, while the corresponding potentials at 
pH 7.7 were  -9 my and  +3 mv, respectively. This agrees with the expecta- 
tion that the internal C1 concentration increases during prolonged immersion 
of the fiber in KC1 saline. The rate of increase is, however, much slower in the 
barnacle muscle fiber than  that found in  frog muscle fibers  (Hodgkin and 
Horowicz, 1959).  This may be due to the large size of the fiber. This allows 
us to assume that the C1 equilibrium potential in the barnacle fiber is essen- 
tially unchanged for a period of 15-20 rain. The large conductance increase 
found at low pH is associated with the membrane potential change of about 
-38 inv. This might indicate that the conductance increase was at least in 
part due to the change in the membrane potential. However, this was not the 786  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  5 2  •  ~968 
case since the current-voltage relation observed at low pH (pH 4.0) was prac- 
tically linear for this range of membrane potential. 
The  potential  change observed for the pH  range between  5.0  and  10.0, 
however,  cannot  be  explained  in  terms  of the  conductance change of the 
membrane to  C1  ions since the negative shift of the membrane potential  is 
associated with  an  increase in  membrane resistance.  Instead,  this  potential 
behavior apparently reflects an increase in the membrane conductance to K 
ions with increasing pH,  the C1 conductance remaining essentially constant. 
Under this condition the membrane potential  should approach the K  equi- 
librium potential;  i.e.,  the potential  would  shift,  as  it  does,  in  the positive 
direction as the pH is increased. 
If the reduction of the membrane resistance found at pH's below 5.0 is due 
to an increase in C1 conductance, and if the resistance increase associated with 
the decrease from pH  10 to pH 5 is due to the change in the K  conductance, 
then the former should disappear and the latter should remain when C1 con- 
ductance is totally eliminated. To test this, the behavior of the membrane in a 
Cl-free medium was examined by replacing C1 with SO4 (K~SO4 saline). The 
fiber was kept in this solution at pH 7.7 for 24 hr. The resting potential of the 
fiber measured about  -t-10 mv.  Changing the pH between 3.5  and  10.0 did 
not result in any appreciable change in membrane potential. The membrane 
resistance however, increased with decreasing pH over the entire range of pH 
examined  (Fig.  5 B).  The resistance increased rapidly when the pH was de- 
creased below 5.0 where, in contrast,  a  marked decrease had been found in 
the KC1  medium. The result indicates that the decreasing resistance at low 
pH,  in  Cl-containing  salines,  is  due  exclusively to  the  increase in  C1  con- 
ductance of the membrane, and the increasing resistance with decreasing pH 
(between 10.0 and 5.0) is due to a decrease in the K  conductance. In normal 
saline  (8 rnM K), the membrane resistance was relatively constant for the pH 
range between 5.0 and  10.0.  It seems probable to us that the K  conductance 
may similarly depend on  pH  in  normal saline,  but  that  the dependence is 
masked by the constant C1 conductance or by the leakage due to injury, since 
K  conductance itself seems  to  be  smaller  in  normal  saline  than  in  K-rich 
media. 
4.  K  and Cl Conductances at Different  Internal pH's 
In the foregoing experiments, the pH of the external medium was altered. In 
a  few experiments K-methanesulfonate solution containing chlorophenol red 
was injected into the fiber prior to the external pH changes. When the pH of 
the external saline was neutral, the color inside the fiber was red correspond- 
ing to pH  7-8. The color was unchanged while the external pH was altered 
in the range between 3.9 and 10.0. This result agrees with the one obtained by 
Caldwell (1958) who found that the internal pH of crab muscle fibers is close S.  HAGIWARA ET AL.  pH Effects in Muscle Membrane  787 
to 7.0 in normal saline solution and is not greatly affected by changes in the 
pH of the external solution: In several other cases, the injected solution con- 
tained 50 mM buffer at pH 717  (internal solution A). The relationship between 
membrane resistance and the external pH is the same as  that obtained with 
internally unbuffered fibers. These results suggest that the  pH change in the 
external medium is  the major cause for the membrane changes observed in 
the preceding experiments. This, however, does not preclude changes in the 
internal pH of the fiber just adjacent to the membrane• 
In order to examine the relationship between the K  and CI conductances at 
different internal pH's,  internal solutions of various pH's  (internal solutions 
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B)  were injected into the fiber and changes in the membrane potential were 
observed when either the K  or C1 concentration was altered in the external 
solution at pH  7.7.  The internal solution contained 450  mu K  and  120  n~ 
C1; it was injected into the fiber until its diameter became  1.5-2.0 times the 
original diameter, thus bringing the actual internal concentrations of K  and 
C1 close to those of the injected solution. Since the K  and C1 concentrations in 
the external solution (solutions 1-4)  were  120  and 450 n~,  respectively, the 
equilibrium potential for K + and C1- should not be very different and there- 
fore,  the  ratio  between  OV/O (log  [K+]o,0  and  -OV/O  (log  [Cl-]o~t)  (at 
[K]o,,  --  120 m_u and [Cl]o,t  =  450 mu) should give an approximate value 
of gx/gc~ for these K  and C1 concentrations. In this experiment external Na 788  TttE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  "  i968 
has been removed and replaced with Tris.  In Fig.  6 A  changes in membrane 
potential  from  those found  at  [K]o~t  ---  120  mu and  [C1]out  =  450  n~  are 
plotted against the external K  concentration for three different internal pH's. 
The external K  concentration was altered from  120 to  100,  170,  and 240 rnu 
by keeping  C1 concentration  at 450  mM.  The  slope  (OV/O (log  [K+]o~d)  in- 
creases  as the internal  pH  increases.  A  similar  set  of experiments  was  per- 
formed by changing  the external  C1 concentration  from 450 to 350,  250,  and 
TABLE  V 
OV/O(LOG [K+]ou,), --OV/O (LOG  [Cl]oud, 
AND MEMBRANE  POTENTIAL 
(i)  (2)  (3)  (4) 
Internal pH  oV/O(Iog ~K+]out)  -¢~g/o(log  [Cl-]out)  Ratio (1)/(2)  Membrane potential 
m~  mo  rnv 
9.6  46  6.7  6.9  --23 
9.6  42  7.0  6.0  --22 
9.0  43  8.6  5.0  --22 
9.0  45  7.0  6.4  --21 
8.0  38  8.5  4.5  --21 
8.0  39  8.4  4.6  --22 
8.0  34  9.1  3.7  --20 
7.0  33  10-11  3.3-3.0  --20 
7.0  32  6.5  4.9  --20 
7.0  33  8.5  3.8  --20 
6.2  36  11.3  3.2  --23 
5.5  26  9  2.9  --19 
5.5  30  10  3.0  --21 
4.7  5.8  22  0.26  --23 
4.7  10  12  0.8  --23 
Slopes and membrane potentials were at [K]ou~  =  120 mM and [Cl]out =  450 mM. 
180  mM;  the results  are  shown in  Fig.  6  B.  The  negative  value of the  slope 
increases  with  decreasing  internal  pH.  OV/O (log  [K+]oud  and  -OV/O  (log 
(C1-]out)  were  then  estimated  in  the  same  fiber  at  [K+]out  =  120  mM  and 
[Cl-]ou,  =  450  mu  and  they  are  listed  in Table  V  together  with  the mem- 
brane  potentials  at these  external  K + and  CI- concentrations. 
The ratio between the two slopes was calculated in order to estimate g~/gcl. 
Since changes of the ratio from  1.0 to 2.0 and from  1.0 to ~  should  have  an 
equally  important  meaning,  the  logarithm  of  the ratio  was plotted  against 
the internal  pH instead of the ratio itself  (Fig.  7, filled circles).  The ordinate S. HAOIWARA  ET AL.  pH Effects in Muscle Membrane  789 
increases with increasing  internal  pH over the entire range  of pH examined 
(pH 4.7-9.6).  However, the change was much more rapid for the range of pH 
below 5.0, In other words, the relative conductance of CI ions to K  ions shows 
a  drastic increase when the internal  pH is reduced below 5.0.  This behavior 
of the CI conductance is very similar  to the one found with the low external 
pH.  In  a  few experiments,  the membrane  resistances  of fibers injected  with 
solutions  of pH  4.7  and  7.0 were compared. Much  smaller resistance values 
were always found in fibers injected with a  low pH solution  (60  4-  25 f~. cm  ~ 
at pH 4.7 and 400  4-  150 ~- cm  ~ at pH 7.7, examined with nine fibers for each 
pH).  Therefore,  the drastic  decrease of the  conductance  ratio  at low pH  is 
primarily due to the increase in C1 conductance as is the case with low external 
pH solutions. For internal  solutions with a  pH above 5.0,  the  ratio of gK  to 
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gc~  increases  with  increasing  pH  much  more gradually.  Since  in  the  pres- 
ent experiments  it was not possible to  observe  the  membrane  resistance  of 
the  same  muscle  fiber  at  different  internal  pH's,  individual  variation  in 
membrane  resistance  among  different  fibers  made  it  difficult  to  conclude 
whether  these changes  are due to  the  change  in  the  K  or  C1  conductance. 
However, judging from the result obtained with the external  pH changes,  it 
seems more likely that the increase in the conductance ratio is due to the in- 
crease in  the K  conductance  rather  than  a  decrease in  the  C1 conductance 
with increasing  internal  pH.  Open circles in Fig.  7 show the result obtained 
with external  solutions containing  450 rnM K  and  120 rr~  C1. Although  the 
relative K  conductance is higher than the C1 conductance at a  given pH, the 
general  shape of the curve is very similar  to that obtained  at [K]+out  =  120 
mM and [C1-]out  =  450 raM. From the foregoing results it is concluded that the 79  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  2  • 1968 
behavior of the K  and C1 permeabilities of the membrane at different internal 
pH's is very similar to that found with different external pH's. 
Table V  indicates that membrane potentials,  obtained in external solution 
containing  120 rn~ K  and 450 rn_u C1, show little change as the internal pH is 
changed.  This  probably indicates  that  the  equilibrium  potentials  for  the K 
and  C1 ions are in fact very similar  under these conditions. Theoretically the 
sum of OV/O(log[K+~out) and  -OV/O(log [C1-]oud  should  be about 58 my if 
K + and CI- are the only permeant ions (Hodgkin and Horowicz,  1959). The 
sum is, in fact, close to 58 my at high internal  pH  (52.7 mv and 49 my at pH 
9.6).  However,  it becomes smaller  as the  internal  pH is reduced.  A  similar 
tendency was often found in  the experiments  in which  the external  pH was 
changed.  This  may  indicate  that  membrane  leakage  due  to  longitudinal 
electrode insertion  becomes greater  at low pH.  Since the sum of the K  and 
C1 conductances at low pH  (4.7)  is larger  than  that  at neutral pH  (7.7),  the 
leakage effect should decrease at low pH if the leakage conductance is inde- 
pendent of pH. However, the experimental  results are in the opposite direc- 
tion  and  this  indicates  that  the  leakage  conductance  should  become much 
larger  at low pH. This may suggest that the conductance of some other ions 
such as H + may contribute to the membrane conductance when the internal 
H + concentration is raised.  In the present experiments,  the internal pH of the 
fiber was buffered at pH's different from the normal  internal  pH.  However, 
no  experiment  was performed  to bring  back  the  internal  pH  to  its original 
value; in  other words reversibility was not checked.  In order  to test for any 
progressive deterioration at extremely low (pH 4.7) or high  (pH 9.6) internal 
pH's,  membrane  resistance  and  potential  were  repeatedly  measured  for  a 
period of 45 min while alterations  of the external  K + and  C1 concentrations 
were undertaken.  No significant progressive changes were ever found. 
DISCUSSION 
The present results show that the C1 conductance of the barnacle muscle fiber 
membrane  undergoes  a  drastic  increase  when  either  the external  or  the  in- 
ternal  pH is reduced below 5.0,  while the K  conductance increases with in- 
creasing pH over the whole range of pH examined. 
The effects on the membrane of varying the pH of the external media have 
been observed in several other tissues.  In frog skeletal muscle  fibers,  Hutter 
and  Warner  (1967)  have shown that membrane conductance decreases with 
decreasing  pH in the range between pH  10.0 and  5.0. This conductance de- 
crease was found to be due to a decrease in C1 conductance; therefore, the pH 
behavior of the C1 conductance of the frog muscle fiber, in this range of pH, 
is in the direction  opposite to that found for the barnacle fiber at pH below 
5.0. The present data on barnacle fiber do not, however, give much informa- 
tion on the behavior of the C1 conductance for the external pH range of 10-5, S.  HAOIW'ARA ET  AL.  pH Effects in Muscle Membrane  79x 
since the relative contribution of CI conductance to the total membrane con- 
ductance was very small compared to that of K conductance. The experiments 
in  Cl-free, K-rich media suggest that C1  conductance in the pH  range be- 
tween 5.0 and  10.0 does not decrease with decreasing pH, at least not to the 
same extent as it does in  the frog fiber. Reuben, Girardier,  and Grundfest 
(1962)  have shown that in crayfish muscle fibers the C1 conductance decreases 
when the external pH is raised from the normal neutral pH to pH  10.0. This 
suggests that the change in C1 conductance in crustacean muscle fibers may be 
in the opposite direction to that found in frog skeletal muscle fibers, even in 
the range of pH above 5.0.  De Mello and Hutter (1966)  have shown that in 
certain crustacean  (Astacus) muscle fibers  the  anion  conductance increases 
when the external pH is reduced from pH 8.5 to 4.5.  This result agrees with 
our findings in barnacle muscle fibers. A similar increase in C1 conductance at 
low  pH  has  been  observed  in  the  epithelial  membrane of the  rabbit  gall 
bladder (Wright and Diamond, 1968).  In this preparation the CI conductance 
becomes comparable to the K  conductance at about pH 3. No data are avail- 
able for the effect of changes in the internal pH in other tissues. The present 
results show that such effects are very similar to those found for the external 
pH. 
The behavior of C1 and K  conductances in the barnacle muscle fiber mem- 
brane, as well as in the gall bladder epithelial cell membrane, at low pH, is in 
accord with  the classical  idea of the  amphoteric membrane. The selective 
permeability of the membrane is  ascribed to  the presence of fixed charges 
which attract and afford passage to oppositely charged ions but exclude co- 
ions.  If the structural groups of the membrane are weakly ionizable,  the sign 
and density of fixed charges should vary with pH  and this should, in turn, 
result in  a  change in  ion permeability. Lowering the pH  should reduce or 
eliminate negative fixed  charges  and  increase or  unmask  positive  charges 
originating from these weakly ionized  groups.  Therefore, lowering the pH 
should result in an increase in anion permeability. The maximum slope of the 
membrane conductance vs. pH is found at about 4.0.  This fact indicates that 
the pK of the structural group responsible for C1 conductance changes seems 
to be about 4.0.  However, it may be unwise to estimate the chemical nature of 
such a group from this value alone since it represents the pH of the external 
solution but not necessarily that of the membrane proper. 
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